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Objectives and Approaches
With exceedingly fast population and economic growth, twenty-first century is featured by enormous energy requirement. Meeting these needs is only possible with development of new energy resources, or utilization of existing energy resources. To this specific point of view, catalysis becomes a key issue in solving our energy challenges. The ultimate objective of the project is to bio-assemble a practical photocatalytic water splitting device for hydrogen generation. The main sub-objectives are to engineer highly active and selective nanocatalysts and to create reliably interfaces between the co-catalysts. Within this context, over the past funding years, we have successfully explored synthetic approaches to various nanocatalysts and investigated the structure and composition enhanced properties of these nanocatalysts. In this report, we will highlight the accomplishment of a tandem catalyst design with incorporated plasmonic photocatalysis.
Accomplishments for the last year
Plasmon-enhanced TiO 2 -Au/Pd Nanocomposite Photocatalyst for Tandem Synthesis of Benzimidazole 2.1 Approaches: Wet-chemical synthetic routes are explored to create nanocatalysts, and tandem catalysts systems were created through physical mixture and annealing. XRD, XPS, TEM, and STEM are used to characterized the detailed structures. Energy dispersion spectroscopy, UV-vis spectroscopy and ICP-AES and elemental micro-mapping are used for composition analysis. Catalytic reactions are carried out to evaluate the performance of the created nanocatalyst systems.
Overall Design
Tandem catalysis represents a revolutionary catalysis philosophy. Rational design of heterogeneous nanocatalyst to incorporate photocatalysis with conventional catalytic system is of substantial potential in industrial applications. However, critical consideration in each catalyst component and their synergetic collaboration is necessary to achieve considerable improvement in activity and selectivity. In this work, TiO2-Au/Pd nanocomposite composed of P25 TiO2 nanoparticles and Au/Pd nanowheels is applied in benzimidazole synthesis as plasmon-enhanced photocatalyst. This nanocatalyst system enables a green synthetic route with alcohol as starting material and a two-step tandem approach; consequently it avoids involvement of aldehyde, acid or oxidant. (Scheme 1) The bimetallic surface of Au/Pd facilitates oxidation of alcohol and dehydrogenation of benzimidazoline intermediate, which renders significantly high conversion and selectivity. Also, Au/Pd nanowheels promote visible range photon utilization efficiency via the strong surface plasmon resonance absorption. The overall design features a multifunctional architecture and provides insights and opportunity towards high performance, low energy demand and sustainable catalytic process.
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Benzimidazole ring is an important pharmacophore in modern drug discovery, which has significant activity against several viruses such as HIV, HSV-1, RNA, influenza and human cytomegalovirus. Traditionally, it is produced by coupling 1,2-diaminobenzenes with carboxylic acids under harsh dehydrating acidic environment and high temperature. Direct reaction of phenylenediamine substrates with aldehydes offers a relatively mild reaction condition, but is restricted by unstable aldehyde reactant and excessive oxidant. Besides, aldehyde is generally less favored than alcohol because of its volatility, pungent odor, and easy degradation via autoxidation in air. Moreover, catalysts used in most aforementioned synthetic routes are homogenous, which adds difficulty in purification and catalyst recycling. In terms of heterogeneous catalysis, transition metal catalyzed preparation of N-alkylbenzimidazoles from o-haloanilines provides an alternative route, however preparation of the starting material anilides is onerous. Hence, the design of an alternative heterogeneous catalyst which allows mild reaction conditions and stable reactants like alcohol is highly desirable.
To address the above-mentioned challenges in benzimidazole production, we designed a highly efficient plasmon-enhanced tandem catalysis system, which allows alcohols to participate in reaction directly with phenylenediamine substrates at room temperature, in absence of strong acids or oxidants. The heterogeneous nanocatalyst is composed of commercially available Degussa P25 TiO 2 nanoparticles and plasmonic Au/Pd nanowheels. It features following four aspects. First, the system embarks tandem catalytic enhancement in reaction flow and overall catalytic performance (Scheme 1). Ethanol is used directly as starting material, which is oxidized to acetaldehyde on Au/Pd nanowheel surface (1 st step). Then, acetaldehyde reacts in situ
with o-phenylenediamine substrate to form final products (2 nd step). Through this, we expect a substantial improvement in overall kinetics while avoiding aldehyde introduction in the beginning. Second, the surface composition of Au/Pd nanowheel is well tailored to improve its synergetic effect. Through annealing treatment, the metallic surface previously of segregated Au and Pd domains transforms to Au-Pd alloy. Since Au-Pd bimetallic surface is generally considered more active or selective than pure Au or Pd surface, a more prompt oxidative catalysis behavior can be anticipated. Third, apart from the overall conversion, the selectivity is closely related to this alloy surface. o-phenylenediamine may either take one acetaldehyde molecule to form main product 2-methylbenzimidazole via a dehydrogenation step, or two acetaldehyde molecules to form 1-ethyl-2-methyl-1H-benzimidazole as by-product (Scheme 1). Hence the selectivity is heavily affected by the dehydrogenation of benzimidazoline intermediate. On the other hand, the alloy surface on Au/Pd nanowheel as effective oxidative catalyst can substantially promote the dehydrogenation reaction, therefore guarantee preferential formation of main product. Last, the system adopts environmental friendly photocatalysis approach, in which the oxidation of ethanol in 1 st step and dehydrogenation of benzimidazoline intermediate in 2 nd step is facilitated by photo-generated holes. More significantly, Degussa P25 TiO 2, although widely acknowledged a cost-effective and active photocatalyst, lacks visible range absorption . The Au/Pd nanowheel with strong plasmonic adsorption near 550 nm can raise the overall photon utilization efficiency.
Results and Discussion
Structures: The TiO 2 -Au/Pd composite was formed by physically mixing commercially available Degussa P25 TiO 2 and Au/Pd nanowheel ~80 +/-15 nm in size, followed by annealing in inert environment. (Figure 1a-c) . Specifically, Au/Pd nanowheel samples before and after annealing are analyzed by STEM-HAADF element mapping and linescan to track the surface composition change. Before annealing, the nanowheel is a typical core/shell (Au/Pd) structure with little Pd element in core region (Figure 1d-f) . After annealing, significant interdiffusion of Au and Pd atoms results in a more uniform, mixed element distribution (Figure 1g-i) . Hence the nanowheel itself displays core/shell composition before annealing, and forms Au-Pd alloy surface after annealing.
X-ray photoelectron spectroscopy (XPS) characterization on Au 4f peak in TiO 2 -Au/Pd sample identifies that Au 4f 7/2 and Au 4f 5/2 peaks both blue-shift after annealing (Figure 1j ), confirming alloy formation and close contact with TiO 2 . Diffuse reflectance UV-Vis-IR spectroscopy was used to study optical property of TiO 2 -Au/Pd nanocomposite (Figure 2a) . While the P25 TiO 2 absorbs mostly below 400 nm, apparent enhancement of absorption in visible light range can be noticed once Au/Pd is introduced. Interestingly, with increasing amount of Au/Pd (TiO 2 :Au/Pd mass ratio decreases from 100:1 to 10:1), the spectrum trough deepens in visible range with obvious minima at ~560 nm. This value is close to absorption peak of Au/Pd nanowheel (~540 nm) measured in solution form (Figure 2b ), therefore can be ascribed to SPR of Au/Pd nanowheel. The 20 nm red shift is attributed to high refractive index of TiO 2 , as discussed in earlier literatures. These results prove our assumption that Au/Pd will facilitate visible range absorption.
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Catalysis:
Catalytic performance of TiO 2 -Au/Pd is assessed in reaction of o-phenylenediamine and ethanol with white light irradiation. All experiments were under N 2 protection to avoid ambient oxygen interference. The overall reaction is shown in Scheme 1, where ethanol is photo-oxidized to acetaldehyde, which subsequently reacts with o-phenylenediamine. The monoimine intermediate, after transferring to benzimidazoline reversibly, undergoes dehydrogenation to form final product 2-methylbenzimidazole. The major by-product in this reaction is 1-ethyl-2-methyl-1H-benzimidazole, as a result of second acetaldehyde addition and rearrangement of imidazole ring. In dark control experiments, none of the catalysts create detectable products ( Entry 12) . The physical mixture only gives 34.6% conversion, probably due to lack of synergetic collaboration, and restricted exciton transfer across interface between semiconductor and metal domains. Lastly, TiO 2 -Au and TiO 2 -Pd are used as reference. The conversion obtained from TiO 2 -Au is only 50.6%, and from TiO 2 -Pd is 70.5%, which demonstrates the advantage of bimetallic Au/Pd over its singular metal components. 
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Overall reaction
Experiment condition: 2 mmol of o-phenylenediamine, 10 ml ethanol, N 2 gas (1 atm), reaction time 3 hours. * Physical mixture of TiO 2 nanoparticles and Au/Pd nanowheels (without annealing).
Mechanism:
The plasmon-enhanced photocatalysis is another advantageous feature of this catalytic system. Previous studies revealed hot carrier transfer and local electrical field enhancement can both contribute to the activity enhancement. To reveal the main mechanism in our catalytic results, we carried out monochromic irradiation experiment based on both TiO 2 -Au/Pd nanocomposite and TiO 2 . Monochromic test on TiO 2 -Au/Pd shows both the conversion and the quantum efficiency rise sharply when irradiation wavelength is near 550 nm (Figure 3) . The highest conversion and quantum efficiency are obtained at 560 nm, which is identical to maximum absorption of TiO 2 -Au/Pd nanocomposite ( Figure 2a ) and close to Au/Pd nanowheel's SPR peak (Figure 2b ). Once the wavelength used shifts away, these conversion and quantum yield increments disappear quickly (Figure 3 ). This is consistent with previous observations from TiO 2 -Au,
